Atmosphere Model-and is also compared with the simulations in another coupled climate model-the NCAR Climate System Model. Holocene climates are simulated under the insolation forcing at 3000, 6000, 8000, and 11 000 years before present. The evolution of six major regional summer monsoons is investigated: the Asian monsoon, the North African monsoon, the North American monsoon, the Australian monsoon, the South American monsoon, and the South African monsoon. Special attention has been paid to the relative roles of the direct insolation forcing and oceanic feedback.
Introduction
Monsoons are generally characterized by maximum precipitation in summer [June-July-August (JJA)] over the Northern Hemisphere (NH), and in winter [December-January-February (DJF)] over the Southern Hemisphere (SH). Monsoons are critical features of the re-gional climate in southern and eastern Asia (Webster et al. 1998; Lau et al. 2000) , North Africa (e.g., Hastenrath 1994, chapter 6) , the American Southwest (Tang and Reiter 1984; Adams and Comrie 1997; Higgins et al. 1997) and Central America (Douglas et al. 1993) , northwestern Australia and New Guinea (Suppiah 1992) , South America (Zhou and Lau 1998) , and South Africa (e.g., Hastenrath 1994, chapter 6) . (Hereafter, for convenience, these six monsoons will be called the Asian monsoon, the North African monsoon, the North American monsoon, the Australian monsoon, the South American monsoon, and the South African monsoon.)
Paleoclimate records suggest that these regional monsoons have undergone significant changes in the Holocene (about the last 10 000 years). Most notable are L I U E T A L . the monsoon expansions in the early to mid-Holocene in North Africa and Asia (e.g., Street-Perrott and Perrott 1993; Kutzbach and Street-Perrott 1985; Winkler and Wang 1993; Kohfeld and Harrison 2000) . Substantial monsoon changes have also been recorded over the American Southwest (Thompson et al. 1993; Harrison et al. 2003) and Central America (Metcalfe et al. 2000; Markgraf et al. 2000) , South America (Markgraf 1993; Betancourt 2000; Maslin and Burns, 2000) , and northwestern Australia and New Guinea (Harrison and Dodson 1993; Johnson et al. 1999; Wyrwoll and Miller 2001) . The extent of the monsoon changes and even the sign of the changes, however, vary substantially from region to region. Among the three NH monsoons, the North African monsoon exhibits the most dramatic changes. In the SH, the South American monsoon is clearly reduced, while the Australian monsoon seems to be enhanced relative to the present. The reasons for this wide range of monsoon changes remain not well understood.
Earlier modeling studies of the Holocene monsoon focused on the effect of direct insolation forcing on the North African-Asian monsoons (e.g., Kutzbach and Otto-Bliesner 1982; Kutzbach and Guetter 1986; Mitchell et al. 1988; Joussaume et al. 1999; Otto-Bliesner 1999) . These studies show that the enhanced seasonal cycle of the NH insolation in the early to mid-Holocene increases the land-sea surface temperature contrast in summer and, in turn, monsoon activity. Over North Africa, this orbitally forced monsoon enhancement is further amplified by land-surface (Kutzbach et al. 1996; Texier et al. 1997; Doherty et al. 2000) and oceanic (Kutzbach and Liu 1997; Hewitt and Mitchell 1998; Braconnot et al. 2000) feedbacks. Many important questions remain open, especially for monsoons outside of the North African-Asian region. The mechanism for the evolution of the Australian monsoon is not understood. Even with a reduced seasonal insolation in the SH, the observed Australian monsoon seems to be enhanced in the early to mid-Holocene (Johnson et al. 1999; Wyrwoll and Miller 2001) ; this monsoon enhancement is opposite to the monsonal response found in previous AGCM simulations (Kutzbach and Guetter 1986; Mitchell et al. 1988) and cannot be explained by the direct insolation forcing alone. The role of oceanic feedback on Holocene monsoons remains poorly understood. Relative to the glacial times, the change of SST is small in the Holocene (about 1ЊC in the Tropics), such that even with the SST prescribed the same as the present, early AGCM simulations achieved some successes for the North African-Asian monsoons (e.g., Kutzbach and Otto-Bliesner 1982) . However, this small SST anomaly may still have significant impact on regional monsoons in the Holocene, because these SST changes occur in large areas in the Tropics that may generate substantial forcing to the atmospheric circulation.
Here, we will mainly discuss the Holocene climate simulations at the time slices of 11 000, 8000, 6000, and 3000 years before present, hereafter abbreviated as 11, 8, 6 and 3 kyr BP, in a fully coupled climate model: the Fast Ocean Atmosphere Model (FOAM1.0; Jacob 1997). We will focus on the evolution of these regional monsoons and their mechanisms, especially those associated with oceanic feedbacks. The coupled model is described in section 2 and the coupled simulations in section 3. The forcing mechanisms underlying regional monsoon responses are further examined in section 4. A synthesis of major monsoon changes is given in section 5 and a brief comparison with published paleoclimate records is presented in section 6. A summary is given in section 7. Finally, to assess the sensitivity of our model results, major features of the Holocene FOAM simulations are compared briefly in the appendix with another fully coupled climate model-the National Center for Atmospheric Research (NCAR) Climate System Model (CSM; Otto-Bliesner and Brady 2001) .
This paper is a part of our overall effort toward the understanding of the evolution of Holocene climate. This paper focuses on the synthesis of the monsoon evolution and the comparison of different regional monsoons. More detailed studies on other aspects of the results are discussed in several related papers: Harrison et al. (2003) and Liu et al. (2002, manuscript submitted to Climate Dyn., hereafter L02) on the mechanism and model-data comparisons of the 6-kyr monsoon changes for the North American monsoon and global monsoons, respectively, and Liu et al. (2003) for the evolution of the upper ocean during the Holocene.
Model
FOAM is a fully coupled ocean-atmosphere model without flux adjustment. The atmospheric component of FOAM is a fully parallel version of the NCAR CCM2, in which the atmospheric physics is replaced by those of CCM3 (Jacob 1997) . This component has R15 resolution (equivalent grid spacing about 7.5Њ long, 4Њ lat). The ocean component was developed following the Geophysical Fluid Dynamics Laboratory Modular Ocean Model (GFDL MOM) with a resolution of 1.4Њ latitude, 2.8Њ longitude, 16 levels. All the coupled FOAM simulations are integrated for 150 yr starting from the 600th year of a long modern control run. The upper ocean and the atmosphere reach quasi equilibrium in the first several decades; the data of the last 120 yr are used to construct the monthly climatology here.
FOAM captures most major features of the observed tropical climatology (Jacob 1997) . Figure 1 presents the climatological surface air temperature for boreal summer (Fig. 1a) and winter (Fig. 1d ) in the modern control run (F0k), which resembles broadly the climatology of the standard version of the NCAR CSM (Boville and Gent 1998) . In boreal summer, the precipitation belt is dominated by the intertropical convergence zone (ITCZ) over the ocean north of the equator (Fig. 1b) . Substantial precipitation penetrates deep into the middle of the VOLUME 16
1. Simulated climatology of the FOAM control run (F0k) for boreal summer (JJA) (a) surface air temperature, (b) precipitation, (c) sea level pressure and surface winds; and boreal winter (DJF) (d) surface air temperature, (e) precipitation, (f ) sea level pressure and surface winds (m s Ϫ1 ). The contour intervals are 2ЊC for temperature, 2 mm day Ϫ1 for precipitation, and 2 mb for pressure.
Asian and North American continents. A strong surface low pressure center develops over the region of southern and eastern Asia (Fig. 1c) . This surface Asian low (Fig.  1c ) extends westward across northern Africa at about 20ЊN to form a part of the northern African monsoon. A surface low pressure center also develops over the American Southwest-Mexico region (Fig. 1c) , forming a part of the North American monsoon (Adams and Comrie 1997) . These surface low pressure systems are accompanied by substantial southwesterly monsoon winds ( Fig. 1c ) and heavy precipitations (Fig. 1b) , especially in North Africa and southern and eastern Asia. In austral summer, the precipitation belt associated with the ITCZ migrates into the SH (Fig. 1e ). (As in almost all the coupled models, FOAM tends to produce a double ITCZ.) A surface low pressure center develops over northern Australia (Fig. 1f) . The intensive winter Siberian high drives a strong southward Asian winter monsoon wind, which veers southeastward after crossing the equator, converging toward northwestern Australia-New Guinea (Fig. 1f) . Two surface low pressure centers also develop over South America and central southern Africa (Fig. 1f) , associated with the monsoon circulations there.
Monsoon evolution in the Holocene
Four coupled Holocene simulations are performed with the same setting as the FOAM control run, except that the insolation forcings are set at 3, 6, 8, and 11 kyr (Berger 1978) for the F3k, F6k, F8k, and F11k runs, respectively. In all of the experiments, the continental ice sheets and the land vegetation are kept at the present conditions and the atmospheric CO 2 concentration is prescribed at the present level of 330 ppmv.
The dominant insolation forcing in the early to midHolocene is an increased seasonal cycle in the NH and a decreased seasonal cycle in the SH. This change of seasonal orbital forcing is mainly caused by the 21 000-yr precession cycle, in which the perihelion changes from January at present to November at 3 kyr, September at 6 kyr, August at 8 kyr, and June at 11 kyr. As a result, maximum summer insolation decreases toward the present in the NH but increases in the SH (Figs. 2a, c) . With this direct insolation forcing, one should generally expect a maximum (minimum) NH (SH) monsoon at 11 kyr, and a gradual weakening (strengthening) of the summer NH (SH) monsoons as one proceeds to 8, 6, 3, and 0 kyr, as shown in previous AGCM and coupled AGCM-slab ocean simulations (Kutzbach and Street-Perrott 1985; Kutzbach and Guetter 1986; COH-MAP Members 1988; Kutzbach et al. 1998 ). In the following, we will first study the early Holocene at 11 kyr, and then the evolution of monsoon toward the present. 
a. Early Holocene monsoon
The response of the NH monsoons at 11 kyr can be seen in the difference between F11k and F0k for boreal 1 Our monthly averages use the present-day calendar month. Kutzbach and Gallimore (1988) have shown that a proper celestial longitude average can account for the varying lengths of seasons. The results of celestial longitude averages are not presented here because the differences, while detectable, do not change our primary conclusions.
summer (JJA) surface air temperature (Fig. 3a) , precipitation (Fig. 3b) , and sea level pressure and surface winds (Fig. 3c ). Surface air warms over Asia, North Africa, and North America in response to the increased summer insolation, but cools slightly in tropical North Africa due to the increased cloudiness (Fig. 3a) . A low surface pressure anomaly develops across South AsiaEast Asia and North Africa (Fig. 3c) . A secondary low pressure anomaly is established over the American Southwest. These negative sea level pressure anomalies are accompanied by an increase of upstream southwesterly monsoon winds (Fig. 3c ) and local precipitation (Fig. 3b) . A belt of increased precipitation stretches from central China southwestward, through southern Asia, into the African sub-Saharan region (Fig. 3b) . The zone of increased precipitation in America extends from Central America northwestward, through Mexico, into the American Southwest. This increase of summer rainfall is accompanied by an arc-shaped region of reduced precipitation in the United States stretching from the northwest Pacific coast to the southeast Atlantic coast ( Fig. 3b ; Harrison et al. 2003) .
The reduction of summer (DJF) insolation in the SH leads to a decrease in land-sea temperature contrast and weaker monsoons over South America and South Africa (Figs. 3d-f ). Anomalous surface low pressure centers
Patterns of climate anomalies at 11 kyr simulated in FOAM. The figure is arranged the same as Fig. 1 , but for the difference F11ka Ϫ F0k. Contour intervals are 0.25ЊC for temperature, 0.5 mm day Ϫ1 for precipitation, and 0.25 mb for pressure; surface winds are in m s Ϫ1 . Areas with statistical significance higher than 95% are shaded for the precipitation.
develop over the eastern subtropical Pacific and Atlantic (Fig. 3f) , increasing precipitations there (Fig. 3e) . In contrast, monsoon rainfall over northwestern AustraliaNew Guinea is increased (Fig. 3e) and is accompanied by an anomalous low pressure center just offshore of western Australia and a stronger northwesterly monsoon wind (Fig. 3f) .
Some broad features of the simulated monsoon responses are in qualitative agreement with previous AGCM studies, such as the enhanced African-Asian monsoon and the North American monsoon, and the reduced South American and South African monsoon (Kutzbach and Otto-Bliesner 1982; Kutzbach and Guetter 1986; Kutzbach et al. 1998 ). There are, however, important differences from the previous studies. Previous AGCM experiments have shown a rather limited expansion of the North African monsoon and all of the AGCM experiments have shown a decreased monsoonal precipitation over the northwestern Australia.
b. Monsoon evolution in the Holocene
Throughout the early to mid-Holocene, major features of the monsoon responses remain qualitatively similar, but the magnitude and extent of the responses vary significantly with time. In the late Holocene (3 kyr), the monsoon responses are generally small and less significant. (All of the major features discussed below are statistically significant at 95% level, except at 3 kyr.) Figure 4 illustrates the seasonal cycle of the precipitation anomaly for the Asian monsoon (10Њ-40ЊN, 60Њ-120ЊE), the North African monsoon (5Њ-30ЊN, 20ЊW-30ЊE), the North American monsoon (0Њ-40ЊN, 110Њ-60ЊW), the Australian monsoon (20ЊS-0Њ, 110Њ-150ЊE), the South American monsoon (20ЊS-0Њ, 70Њ-40ЊW), and the South African monsoon (20ЊS-0Њ, 10Њ-40ЊE). For the North African monsoon, the precipitation anomaly in May-September decreases modestly from the early (11 kyr) to mid-Holocene (6 kyr), and then disappears toward the late Holocene (3 kyr; Fig. 4b ). The decrease of enhanced summer rainfall is about twice as fast between 6 and 3 kyr as between 11 and 6 kyr; this follows the summer insolation anomaly (Fig. 2b ), which shows a difference of the peak values that is about twice as large for 6-0 kyr as for 11-6 kyr. The expanded rainfall anomaly pattern shifts from 11 kyr southward, first modestly to 8 and 6 kyr, and then significantly to 3 kyr (Figs. 3b, 5e, c, a) , with the shift most clearly seen in the tropical western Africa, where the positive rainfall anomaly belt south of the Sahel (at 15ЊN) is accompanied by a negative belt to the south (at 5ЊN). Although it appears to follow the insolation almost linearly, the North African monsoon, as will be shown later (section 4), is enhanced not only by the direct radiation forcing, but also by a positive oceanic feedback.
Summer precipitation of Asian monsoon is also intensified relative to the present (Fig. 4a) , with a significant increase occurring from 11 to 6 kyr. From 11 to 6 kyr, summer rainfall is increased substantially from northern India to central and western China (Figs. 5c,e and 3b), representing a significant enhancement of the Asian monsoon. However, rainfall is reduced modestly in regions near the east coast of China and India (Figs. 5c,e and 3b). The more complex pattern of precipitation
change in Asia, relative to North Africa, implies a stronger heterogeneity of monsoon dynamics in the former, consistent with our present understanding of the dynamics of the Asian monsoon (Lau et al. 2000) . Furthermore, as will be seen later (section 4), the somewhat complex response of the Asian monsoon is also related to a negative feedback from the ocean.
The North American monsoon is also increased compared with the present in the early Holocene. This enhancement decreases toward the late Holocene, especially between 6 and 3 kyr (Fig. 4c) . The largest increases in rainfall occur over Central America and the northernmost part of South America (Figs. 5a,c,e and 3b). In the American Southwest, summer rainfall also increases in a north-south band near 110ЊE (the southern portion of the Colorado plateau), which is sandwiched between negative rainfall anomalies on the northwest and the southeast coasts of the United States. The dry arc is caused by descending flow that compensates for the ascending flow in the region of increased monsoon over the Colorado plateau [see Harrison et al. (2003) for more details]. This increase of the North American monsoon is due to both the direct solar radiation forcing and oceanic feedback, somewhat similar to North Africa, as will be discussed later.
In the SH, the evolutions of seasonal rainfall over South America (Fig. 4e ) and South Africa (Fig. 4f) are similar, both experiencing a modest reduction of rainfall in austral summer and an earlier onset of monsoon rainfall in late spring during the Holocene. Except in some coastal regions, the reductions of the summer precipitation are continental-wide over the Amazon basin and over the tropical forests in South Africa (Figs. 5b,d,f and 3e). In contrast, the Australian monsoon is increased from austral late spring to early summer ( Fig. 4d ) throughout the Holocene. The summer precipitation shows a persistent pattern of positive anomalies extending from the tropical South Indian Ocean into the northwestern Australian continent (Figs. 5b, d, f and 3e) . This enhancement of the Australian monsoon, opposite to the effect expected from the local insolation (Figs. 2c, d) , will be shown later to be dominated by an oceanic feedback there.
Effects of direct insolation and oceanic feedback
In the fully coupled model discussed above, the monsoon response is caused by both the effects of the direct insolation forcing and oceanic feedback. One convenient way (Kutzbach and Liu 1997; Hewitt and Mitchell 1998; Braconnot et al. 2000) of separating the two effects is to decompose the total response (coupled Holocene run minus the modern control run) into the direct insolation (fixed modern SST run minus control run) and oceanic feedback (coupled Holocene run minus the fixed modern SST run). Here, the fixed SST run is an AGCM experiment in which the SST is prescribed the same as the seasonal climatology of the modern control run. (This broad definition of ''oceanic feedback'' includes both the thermodynamic and dynamic effects of the oceanic response.) Therefore, four fixed SST experiments-F3kFix F6kFix, F8kFix, and F11kFix-are carried out using the AGCM component of FOAM: these fixed SST AGCM experiments are identical to the coupled experiments F3k, F6k, F8k, and F11k, respectively, except that the SST is prescribed as the seasonal climatology of the modern control. These fixed SST experiments are integrated for 15 yr, with the last 10 yr being used for the monthly climatology.
It is helpful to first consider the effects of direct insolation and oceanic feedback for an idealized monsoon response. With an insolation heating anomaly, both the land and ocean will be warmed, with the former more than the latter. The warming over land alone (direct insolation effect) intensifies the monsoon, while the warming over the ocean alone (oceanic feedback) tends to weaken the monsoon. The net effect is a stronger monsoon because the land warms more than the ocean. In this idealized scenario, hereafter referred to the canonical Holocene monsoon response, the NH (SH) monsoon is enhanced (reduced) in the coupled model in the Holocene in boreal (austral) summer, but with a magnitude smaller than that generated in the fixed SST simulation because the oceanic feedback is always negative, opposing the monsoon change that is forced by the direct insolation forcing. Therefore, the monsoon sensitivity to orbital forcing is always weaker in a coupled simulation than in the corresponding fixed SST AGCM simulation. This canonical monsoon response has been used previously as a basis for the understanding of Holocene monsoon responses in AGCMs and coupled AGCMslab ocean models (Kutzbach and Webb 1993) . However, as will be seen below, with the fully coupled ocean-atmosphere model, the dynamics of the atmospheric and oceanic circulation can generate strong regional features that alter the monsoon response significantly from the canonical response. Although the rest of the section focuses on the 11 kyr, all of the discussion can be applied to other Holocene times, qualitatively.
a. North African and Asian monsoons
The direct radiation effect at 11 ka intensifies the summer monsoon winds and precipitation in both North Africa and South Asia-East Asia (Figs. 6a-c), consistent with previous AGCM experiments (e.g., Kutzbach and Otto-Bliesner 1982; Kutzbach and Guetter 1986; Mitchell et al. 1988) . The oceanic feedback, however, is more complicated than in the canonical response. For the North African monsoon, the ocean exerts a positive feedback on the monsoon rainfall (Figs. 7b,c) . The zonal band of positive rainfall anomaly near 15ЊN is accompanied by a negative band of comparable strength to the south near 5ЊN (Fig. 7b) . This implies that, rather than increasing the total amount of monsoon rainfall, the ocean mainly acts to shift the monsoon rainfall farther northward toward the Sahel. The northward expansion of the North African monsoon is forced by a northward anomalous SST gradient in the tropical Atlantic (Fig.  8g) , which causes the ITCZ to migrate northward and allows Atlantic moisture to penetrate farther inland. The northward SST gradient is generated partly by an early summer insolation heating anomaly that is stronger in the NH than in the SH (Figs. 2b,d ) and partly by a windevaporation feedback that is triggered by the monsoon intensification over North Africa (Kutzbach and Liu 1997) .
For the Asian monsoon, the overall oceanic feedback appears to be negative as in the canonical response, but with some regional differences. Over most of southern and eastern Asia, oceanic feedback reduces summer rainfall (Fig. 7b) , counteracting the direct radiation effect (Fig. 6b) . The total monsoon response is dominated by the direct insolation heating over land, with the rainfall increased over most of the monsoon region (Fig.  3b) . Overall, the reduced land precipitation seems to be related to the warm SST anomalies over the western and tropical western North Pacific (Fig. 8g) . These warm SST anomalies induce strong moisture convergence over the ocean (Figs. 7b,c) , reducing the moisture convergence and, in turn, precipitation over the land (Liu et al. 1999) . In small regions of eastern China and southeastern India, the rainfall reduction by the ocean feedback is so strong that the net summer rainfall is reduced there (Fig. 3b) . This strong negative oceanic feedback contributes to an inhomogeneous monsoon response in Asia.
b. North American monsoon
The response of the North American monsoon and the associated oceanic feedback in the early Holocene VOLUME 16
6. Direct radiation effect on climate at 11 kyr as simulated from F11kFix Ϫ F0k. Plots and units are the same as in Fig. 3 . Areas with statistical significance higher than 95% are shaded for the precipitation.
are somewhat similar to the North African monsoon [see Harrison et al. (2003) for more details]. The anomalous summer radiation warms the North American continent (Fig. 6a) , lowering the surface pressure over land and increasing the surface pressure over the subtropical ocean (Fig. 6c) . The intensified Atlantic subtropical high therefore enhances the moisture transport toward, and, in turn, the monsoon rainfall over, the northernmost part of South America, central America, and the North American Southwest (Figs. 6c,b) . This direct radiation effect is amplified by a positive oceanic feedback (Fig.  7b) . The positive oceanic feedback is associated with a cold equator/warm midlatitude SST anomaly in the eastern tropical North Pacific (Fig. 8g) , which enhances the southwesterly wind toward, and, in turn, the precipitation over, the region of North American monsoon. In addition to insolation forcing and wind-evaporation feedback, the northward SST gradient is enhanced by the strong and narrow equatorial cooling in the eastern Pacific (Fig. 8g ), which appears to be forced by a stronger easterly trade wind (Fig. 7c) induced by a stronger Asia monsoon (Liu et al. 2000) and ocean-atmospheric feedbacks in the tropical Pacific (Clement et al. 2000) .
c. Southern Hemisphere monsoons
The direct effect of the reduced insolation in austral summer is a significant reduction of monsoon precipitation across the SH (Fig. 6e) . The oceanic feedback tends to further reduce the monsoon rainfall somewhat in central South America and to increase the monsoon rainfall modestly in South Africa (Fig. 7e) . In both cases, the ocean to the west of the continent is warmed with a larger SST anomaly toward high-latitude SH (Fig.  8h) . The warmer SSTs induce divergent offshore winds (between 10Њ and 20ЊS; Fig. 7f) , reducing divergence and, in turn, precipitation over both continents (between 5Њ and 20ЊS; Fig. 7e ). In eastern Africa south of the
FIG. 7. Oceanic feedback on climate at 11 kyr as simulated from F11k Ϫ F11kFix. Plots and units are the same as in Fig. 3 . Areas with statistical significance higher than 95% are shaded for the precipitation.
equator, however, a significant onshore wind develops (Fig. 7f) , which in turn is forced by a high pressure center to the east (Fig. 7f ), stronger upwelling cooling over the eastern North Indian Ocean (Fig. 8h) , and eventually stronger Asian winter monsoon. The rainfall increase is larger than the precipitation reduction to the south, resulting in a net oceanic feedback that increases rainfall over the broad region of the South African monsoon. The final change is a reduction of monsoon rainfall, significant in South America but modest in South Africa (Fig. 3e) . In contrast to the reduction of these two SH monsoons (Fig. 3e) , the Australian monsoon is enhanced over a significant part of the region because of a dramatic positive feedback from the ocean (Fig. 7e) . The overwhelming enhancement of the Australian monsoon by SST changes is accompanied by increased northwesterly surface winds that converge toward northwestern Australia (Fig. 7f) . It is important to point out that this increased northwesterly flow is caused not only by the intensification of the NH Asian winter monsoon (Fig.   3f ), but also by local ocean dynamics and ocean-atmosphere interaction. The direct NH winter insolation cools surface temperature (Fig. 6d) and increases surface pressure (Fig. 6f) over the Asian continent, strengthening the northerly winter monsoon winds from the Asian continent toward the SH ( Fig. 6f ; Chang et al. 1979; Lau 1982) . If, however, the SST remains unchanged, this remotely forced cross-equatorial wind converges toward (Fig. 6f) , and, in turn, causes precipitation over (Fig. 6e) , the South Indian Ocean (as opposed to Australia). This occurs because the reduced SH summer insolation establishes an anomalously eastward pressure gradient by increasing the pressure over Australia and lowering pressure over the South Indian Ocean (Fig. 6f) . This result is similar to previous AGCM experiments (e.g., Kutzbach and Guetter 1986) and in experiments with an AGCM coupled with a slab ocean (Kutzbach et al. 1998) . Therefore, the remote Asian winter monsoon forcing alone, as in previous experiments with AGCMs and coupled AGCM-slab ocean models, is insufficient to enhance the Australian mon- soon. Instead, local oceanic dynamic response is also necessary.
The reduced pressure over the South Indian Ocean weakens the subtropical high there (Fig. 6f) . With a dynamic ocean, the weaker subtropical high reduces the coastal southerly wind and coastal upwelling, generating a warm tongue (warmer relative to the interior South Indian Ocean) along the northwest coast of Australia (Fig. 8h) . The warm tongue lowers the surface pressure (relative to interior South Indian Ocean) and establishes a pressure gradient that encourages the cross-equatorial monsoon wind (Fig. 7f ) toward, and, in turn, the rainfall (Fig. 7e) over, northwestern Australia. This onshore wind is also enhanced by a stronger upwelling cooling (Fig. 8h) and the associated southerly wind that develops in the North Indian Ocean.
In short, at 11 kyr, the direct insolation forcing tends to increase monsoon in the NH and reduce monsoon in the SH. More complex is the oceanic feedback: it enhances the monsoon significantly in North Africa and modestly in North America, but weakens the monsoon modestly in Asia; it also reduces the monsoon modestly in South America, increases the monsoon modestly in South Africa, and increases the monsoon overwhelmingly over northwestern Australia. These responses and oceanic feedbacks are consistent at other Holocene times, as seen in other panels in Figs. 6-8 and the following discussion on Fig. 9 .
Synthesis of model simulations
We now synthesize the evolution of the six regional monsoons by examining the relative changes of the regionally averaged summer precipitation at succeeding Holocene times (Fig. 9 , circles for FOAM and triangles for the fixed SST FOAM).
The summer rainfall over the full domain of the North African monsoon (5Њ-30ЊN, 20ЊW-30ЊE, markers connected with lines, Fig. 9b ) decreases monotonically from the early to the late Holocene by about 20% in FOAM. The precipitation change in this region is dominated by that near the equator in the ITCZ (Fig. 1b) . The climate change in the North African semidesert region is better shown by the inland subdomain (12Њ-30ЊN, 20ЊW-30ЊE; Fig. 9b ). From present to the early Holocene, the relative change of summer rainfall in the northern subdomain increases dramatically by about 60%-80% (due mainly to the smaller mean precipitation), implying a great climate sensitivity there. The effect of oceanic feedback can be quantified by comparing the fixed SST simulations with the coupled simulations. Summer precipitation in the fixed SST simulations also decreases toward the late Holocene (triangles): it reaches only about a half to two-thirds of the precipitation in the coupled FOAM in the inland subdomain but is almost comparable with the coupled FOAM in the full domain. This is consistent with our discussion on Fig. 7b : the oceanic feedback contributes predominantly to the northward expansion, rather than an overall rainfall increase, of the North African monsoon.
Asian monsoon precipitation decreases from the early to late Holocene (Fig. 9a) monotonically in both the full domain (10Њ-40ЊN, 60Њ-120ЊE) and inland subdomain (consisting of northern India and central western China in 20Њ-40ЊN, 60Њ-100ЊE). The relative changes of the monsoon rainfall in both the full and inland subdomains are about half that in North Africa, suggesting a much higher monsoon sensitivity to the orbital forcing in North Africa than in Asia. Both monsoon changes, however, are amplified relative to the local summer insolation (dashes), the latter decreasing by only about 7% through the Holocene. A major difference from the North African monsoon is the negative oceanic feedback on the Asian monsoon. This negative feedback can be seen from the greater monsoon precipitation in the fixed SST simulations (triangles, Fig. 9a ) compared to the respective coupled simulations (circles) in both the full and subdomains. Furthermore, the oceanic feedback reduces the precipitation significantly over the full Asian domain (about one-third to a half ), but less significantly in the inland northwestern subdomain (Fig. 9a) . This is consistent with Fig. 7b : the oceanic feedback reduces summer rainfall over the Asian monsoon region, mainly in eastern China.
Summer precipitation also decreases toward the late Holocene in the full domain of North and Central America and northernmost South America (0Њ-40ЊN, 110Њ-60ЊW; Fig. 9c ). In contrast to the canonical response, however, the ocean excerts a positive feedback on monsoon precipitation (Fig. 9c) . The relative change of monsoon rainfall, however, is only about 10%, comparable with the change of summer insolation and much less than for the other two NH monsoons. It should be recognized, however, that the precipitation averaged over the full domain reflects mainly the tropical rainfall in Central America and the northernmost part of South America. In the subdomain of North America (20Њ-40ЊN, 110Њ-90ЊW), summer precipitation appears to increase.
In the SH, the direct insolation forcing would have reduced monsoon precipitation by only about 15% in the early and mid-Holocene in all three monsoon regions (triangles, Figs. 9e-g ). This drying is intensified slightly by the oceanic feedback over South America (Fig. 9f) , but is reduced modestly in South Africa (Fig. 9g) , due to modest oceanic feedback (Figs. 7e,f) . The insolationinduced drying is completely reversed over the full domain of the Australian monsoon (30ЊS-0Њ, 110Њ-150ЊE) by an overwhelming oceanic feedback that eventually increases the total monsoon rainfall slightly in the Holocene (Fig. 9e) . In the subdomain of northwestern Australia (20ЊS-0Њ, 110Њ-150ЊE), the total monsoon precipitation is virtually unchanged in FOAM, because the reduction of Australian monsoon precipitation due to local radiation is largely canceled by the oceanic feedback there.
Finally, summer rainfall over the entire tropical lands of the NH (0Њ-40ЊN) and the SH (20ЊS-0Њ) are plotted in Figs. 9d and 9h , respectively. Total land precipitation increases by about 20% in the early Holocene in the NH, about two to three times that of the summer insolation increase, and decreases less than 15% in the SH. Furthermore, oceanic feedback is not significant when averaged over all the land, due to the cancellation of positive and negative feedbacks in different regions. Averaged over the entire ocean and land area, precipitation increases in the NH by less than 10% due to the dominance of land precipitation increase and increases slightly in the SH due to the dominant hemispheric influence from the ocean there.
Finally, we note that the relative change of the annual mean precipitation is largely similar to the summer change in Fig. 9 for each monsoon (especially in the NH), but with a smaller magnitude (not shown).
Comparison with paleoclimate records
A detailed comparison of the model simulations and updated observations at 6 kyr will be reported in Harrison et al. (2003) for the North American monsoon, and in L02 for the global monsoons. Here, we only compare some major features of our simulations with published observations for the Holocene and show that they are in overall good agreement.
The simulated decrease of the North African monsoon and Asian monsoon from the early Holocene toward the present is consistent with the generally decreasing wetter conditions in North Africa and most of southern and eastern Asia (Kutzbach and Street-Perrott 1985) . Pollen records and lake status show much wetter conditions in North Africa in the early Holocene (Street-Perrott and Perrott 1993; Kohfeld and Harrison 2000) and a northward expansion of 10Њ latitude of moisture-demanding vegetation . Lake status records and other paleoclimate records in the Asian monsoon region also show increased monsoon activity in the early Holocene, then decreasing to the present (Winkler and Wang 1993; Kohfeld and Harrison 2000; Yu et al. 1998 Yu et al. , 2001 . The stronger sensitivity of the North African
monsoon, compared to the Asian monsoon, is also consistent with paleoclimate records. The North African monsoon is observed to have collapsed rapidly within several centuries after the mid-Holocene (deMenocal et al. 2000) , while there is no record of such dramatic changes of the Asian monsoon in the late Holocene. Our model still underestimates the abruptness and extent of the northward expansion of the North African monsoon, due perhaps to the lack of additional feedback processes such as the vegetation feedback (Kutzbach et al. 1996; Claussen et al. 1999; Doherty et al. 2000) . The simulated monsoon enhancement in the American Southwest and the drier conditions in the surrounding region are also in good agreement with observations. One should refer to Harrison et al. (2003) for a more detailed data-model comparison.
The dry conditions simulated in South America are in broad agreement with paleoclimate observations. Dry conditions in the early to mid-Holocene are consistent with the low lake levels in Peruvian Lake Junin (Seltzer et al. 2000) and Lake Titicaca (Wirrman and Mourguiart 1995) . The model results are also consistent with the pollen records from the southern margin of Amazonian rain forest, which show that the humid evergreen rainforest of eastern Bolivia expanded southward over the past 3000 years and that the present-day limit represents the southernmost extent of the Amazonian rain forest over at least the past 50 000 years (Mayle et al. 2000) . The snow accumulation on Sajama Mountain also has increased from the early Holocene toward the present (Thompson et al. 1998) . Finally, and perhaps most comprehensively, oxygen isotopic composition of planktonic foraminifera recovered from a marine sediment core in the region of Amazon River discharge suggests that the Amazon River discharge was reduced significantly (up to 50%) in the early Holocene and gradually recovered toward the present (Maslin and Burns 2000) .
Very limited data are published on the South African monsoon. There appears to be no strong drying evidence in the southern Africa region. Indeed, some paleodata, such as lake level, show a slightly wetter condition over parts of southern Africa (Street-Perrott and Perrott 1993 ). This appears to agree with our simulation in the sense that the simulated drying is less pronounced in South Africa than in South America.
The simulated enhancement of the Australian monsoon agrees with observations. Paleohydrological studies of ancient foreshore dunes suggest the presence of cycles of megalakes in northwestern Australia in the late quaternary (Bowler et al. 2001) . Proxy evidence has suggested limited Australian monsoon activity during the last glacial maximum (LGM) and modest reinvigoration in the Holocene (Markgraf et al. 1992) . The carbon isotopes in fossil emu eggshells from Lake Eyre, southern Australia, suggest substantial variation of the relative abundance of C 4 grasses in the last 65 ka. This study implies a recovery of the Australian monsoon from a dry period in the LGM toward the early to midHolocene (Johnson et al. 1999) . A paleohydrological study of the drainage basins in the Kimberley region of monsoonal northwestern Australia suggests that the Australian monsoon became active as early as 14 kyr (Wyrwoll and Miller 2001) . A study of the thermoluminescence ages of plunge-pool sediments near Darwin, Australia (Nott and Price 1994) , and evidence from alluvial sedimentation along the Gilbert River, Gulf of Carpentaria (Nanson et al. 1991) , also imply a more intense monsoon in the early Holocene rather than after 5 kyr. This Australian monsoon activity, at odds with the direct insolation forcing, has not been explained in the past. Here, our coupled model suggests that local oceanic feedback may have played a critical role in activating the Australian monsoon in the early Holocene.
Finally, oceanic observations are much less complete than terrestrial observations in the Holocene and need to be improved significantly to allow for a meaningful model-data comparison. Nevertheless, some preliminary comparisons of available data, although tentative, can be made in the Holocene (Liu et al. 2003) . Regarding the oceanic feedback on monsoon, the SSTs in the early and mid-Holocene tend to be colder than today in the equatorial Atlantic, but warmer than today in the western subtropical North Atlantic (Ruddiman and Mix 1993) . This is consistent with our Holocene SSTs (Fig.  8 ) and may provide indirect support for the positive oceanic feedback on the North African monsoon. In the tropical Pacific, recent observations suggest a western Pacific warm pool SST warmer in summer and colder in winter in the early Holocene, decreasing toward the mid-Holocene (Stott et al. 2002) , consistent with our model results (Fig. 8 ) and our SST feedback on the Asian monsoon. In the eastern equatorial Pacific cold tongue, SSTs are reduced compared with the present, especially in the mid-Holocene (Koutavas et al. 2002) , consistent with our simulation qualitatively (Fig. 8) and our SST feedback on North American monsoon. In the SH, the reconstructed SST shows a warming along the southwestern coasts of Africa and South America (Morley and Dworetzky 1993) . This is consistent with our model simulations (Fig. 8 ). Since these west coast warming tongues are generated similar to that near the northwestern Australia, these observations may provide indirect support for the positive oceanic feedback on the Australian monsoon.
Summary and discussion
The evolution of six major summer monsoons is studied in FOAM under the insolation forcing at 11, 8, 6, and 3 kyr. It is found that the monsoon responses differ substantially among different regions, partly due to very different oceanic feedbacks. In the NH, all the simulated monsoons show a significant enhancement in the early Holocene and a reduction toward the present. The enhanced summer insolation provides the major forcing
for the observed monsoon intensification, especially in the early Holocene. Oceanic feedback further enhances the monsoon significantly in North Africa and modestly in North America, but weakens the monsoon in South Asia-East Asia. In the SH, the South American monsoon and, to some extent, the South African monsoon are weakened, mainly by the reduction of the local summer insolation. However, the Australian monsoon is enhanced modestly because of an overwhelming oceanic positive feedback there.
The North African monsoon, especially in northern inland Africa, shows the strongest sensitivity to the orbital forcing, due to the combination of the insolation forcing and positive oceanic feedback. Relatively, the sensitivity of the Asian monsoon is smaller, partly because of a negative oceanic feedback. Relative to the change of summer insolation (up to 7% at 11 kyr), the change of monsoon precipitation is more than three times larger in the North African and Asian monsoons but has a comparable magnitude in other regions. In Australia, even the sign of the monsoon change is opposite to the local radiation change.
Our coupled FOAM (F0k Ϫ F11k) simulations are in overall agreement with a similar set of simulations in the NCAR CSM (see appendix), suggesting that our major conclusions on the evolution of the Holocene monsoon are robust in both models. The mechanisms associated with oceanic feedback, however, cannot be directly verified with the CSM because of the lack of parallel fixed SST experiments in CSM.
Oceanic feedbacks differ dramatically from that in the canonical monsoon response. The positive oceanic feedback in North Africa is perhaps the most robust and has been reproduced in all coupled models so far (Kutzbach and Liu 1997; Hewitt and Mitchell 1998; Liu et al. 1999; Braconnot et al. 2000) . In the region of the North American monsoon, a somewhat similar positive oceanic feedback is present in FOAM (Harrison et al. 2003) , but it has not been carefully analyzed in other studies. These SST-monsoon rainfall relationships are consistent with those for present interannual variability [e.g., Hastenrath (1978) for North Africa, and Higgins and Shi (2000) for the North America], further supporting the physical consistency of the oceanic feedback in the Holocene. In the SH, the ocean exerts an overwhelming positive feedback on the Australian monsoon, but only modest feedback to the South African and South American monsoons.
The nature of the SST feedback seems to be most uncertain in the Asian monsoon region. Our FOAM study finds a negative oceanic feedback, which is consistent with a previous study with an asynchronously coupled model (Liu et al. 1999 ), but disagrees with two recent coupled ocean-atmosphere simulations (Hewitt and Mitchell 1998; Braconnot et al. 2000) , both of which seem to suggest an enhancement of Asian monsoon by oceanic feedback. This inconsistency between models is perhaps not surprising, since the Asian monsoon, which consists of the two independent South Asia and East Asia regional monsoons, has complex dynamics and involves processes in the Tropics as well as in the extratropics (Lau et al. 2000) . Our study of the oceanic feedback on the Asian monsoon, in some sense, resembles present studies of the monsoon-ENSO relationship. In spite of the recognition of the significant influence of the Indo-Pacific SST on the Asian monsoon (Shukla 1987; Webster et al. 1998; Wang et al. 2001; Lau and Wu 2001) , the specific process for the SST to affect the monsoon remains not fully understood. On the one hand, a La Niña-like SST in boreal summer, as in the early to mid-Holocene (Figs. 8a,c,e,g ), should help to establish deep convection over the western Pacific and Indian Oceans, favoring the enhanced southern Asian monsoon, as reflected in the present-day negative correlation of the eastern Pacific SST and Indian rainfall (Shukla 1987; Webster et al. 1998 ). On the other hand, a cold equatorial SST induces an anomalous low pressure over the western tropical North Pacific due to forced equatorial Rossby waves. The cyclonic circulation can feed back positively with the local SST, through the windevaporation feedback, and therefore enhance the warm SST anomaly in the tropical western North Pacific. The increased warm SST further enhances the cyclonic circulation, whose southward wind over East Asia suppresses the monsoon moisture transport and, in turn, the East Asia monsoon rainfall (Wang et al. 2000) . Therefore, the final impact of SST on the Asian monsoon could be sensitive to the competition of opposing mechanisms.
In addition to the orbital forcing and oceanic feedback, it has become clear that land surface feedback has important impacts on regional climates, notably over North Africa (Texier et al. 1997; Broström et al. 1998; Braconnot et al. 1999; Doherty et al. 2000) . The role of the three major climate forcing processes (radiation, ocean feedback, and land feedback) may differ from region to region and therefore need to be assessed with further modeling studies in fully coupled ocean-atmosphere-land vegetation models. Comparisons are also needed between various coupled climate models to identify the robust climate response. Finally, paleoclimate observations need to be improved, especially over the ocean, to allow for a complete model-data comparison of the evolution of each monsoon in the Holocene. Fig. 4 , but for the monthly evolution of precipitation anomalies from the present at 3.5, 6, 8.5, and 11 kyr in CSM.
FIG. A1. The same as in

APPENDIX
Holocene Monsoon Simulation in NCAR CSM
The NCAR CSM is a fully coupled climate model, consisting of an AGCM, an OGCM, a dynamic sea ice model, and a land surface biophysics model (Boville and Gent 1998) . The version of the CSM that we used has a resolution of T31 (equivalent grid spacing about 3.75Њ ϫ 3.75Њ) for the atmosphere and land surface components, and a variable three-dimensional grid (25 vertical levels, 3.6Њ longitude grid spacing, and a latitude spacing of 1.8Њ poleward of 30Њ, decreasing to 0.9Њ within 10Њ of the equator) for the ocean and sea ice models (Otto-Bliesner and Brady 2001) .
Four CSM experiments-C3.5k, C6k, C8.5k, and C11k-are forced the same as the control run (C0k) except that the insolation forcing is set at 3.5, 6, 8.5, and 11 kyr, respectively. In all the experiments, the CO 2 level is kept at the preindustrial level of 280 ppmv. All of the CSM experiments are integrated for 100 yr with the last 50 yr being averaged for the monthly ensemble. No fixed SST experiments are performed in CSM. Since the slight offset of orbital forcing parameters between the CSM and FOAM at 3 and 3.5 kyr, and 8 and 8.5 kyr produces only a small difference in the forcing relative to the large changes during Holocene (e.g., the insolation difference of 3 to 3.5 kyr is about 15% of that from 3 to 6 kyr, as seen in Fig. 9 ), the coupled CSM experiments are similar to the coupled FOAM experiments and therefore should provide a valuable model-model comparison. The two models differ in resolution, some physical parameterizations, and different ocean and sea ice models. It is therefore encouraging to find that the two models show an overall consistency in the major features of the Holocene climate, as described briefly below. The seasonal cycle and pattern of the precipitation changes from early Holocene to present in CSM are broadly consistent with FOAM. In North Africa, the CSM seasonal precipitation anomaly shows summer rainfall that is strongest in the early Holocene and weakens toward the late Holocene (Fig. A1b) and Asia (Fig.  A1a) , and the Holocene summer rainfall anomalies are also characterized by a pair of positive and negative zonal bands in North Africa (Figs. A2a,c,e,g ). In South Asia-East Asia, the CSM Holocene precipitation anomaly exhibits modest negative anomalies in southwestern India and eastern China, surrounded by strong positive anomalies. Holocene summer precipitation in CSM is increased over the America Southwest and the northernmost part of South America (Figs. A2a,c,e,g ). Over South America and South Africa, Holocene CSM precipitation is reduced in austral summer and increased somewhat in late spring (Figs. A1e,f) with dominant L I U E T A L . negative precipitation anomaly patterns (Figs. A2b,d,f,h) similar to those in FOAM. Finally, summer monsoon rainfall is enhanced in the northwestern corner of Australia and in Papua New Guinea in the early to mid-Holocene (Figs. A2b,d,f,h ).
The similarity of CSM and FOAM can also be seen in the evolution of the regional monsoon rainfall as synthesized in Fig. 9 (asterisks) : in the NH, the sensitivity of the monsoon is the strongest in North Africa, modest in Asia, and weak in North America (Figs. 9a-c) ; in the SH, monsoon reduction is the strongest in South America, modest in South Africa, and unchanged or even increased slightly in northwest Australia (Figs. 9e-g ).
There are, as expected, quantitative differences between the simulations of the two models. For example, in contrast to a single peak in August in FOAM (Fig.  4c) , the increase of North American monsoon in CSM shows a double peak in May and September (Fig. A1c) , which is associated with the rainfalls over central America-northernmost South America and the America Southwest, respectively. This difference may be related to the coarse resolution of the FOAM atmosphere and its representation of the ITCZ near the region. As another example, the penetration of the positive monsoon rainfall anomalies into northwestern Australia is weaker in CSM (Figs. A2d,f,h) than in FOAM (Figs. 5d,f, 3e ) in the early to mid-Holocene. As a result, the increase of Australian monsoon is less in CSM (Fig. A1d ) than in FOAM (Fig.  4d) . The weaker change of Australian monsoon may be related to the zonal ocean resolution in CSM, which may be less efficient to generate coastal upwelling there. A detailed comparison of the results of the two models are beyond the scope of this paper. In spite of some quantitative differences, it is assuring to us that the two models agree with each other qualitatively on most major features of the evolution of global monsoons.
